Executive Summary
Improving efficiency of air conditioners (ACs) typically involves improving the efficiency of various components such as compressors, heat exchangers, expansion valves, refrigerant and fans. 1 We estimate the incremental cost of improving the efficiency of room ACs based on the cost of improving the efficiency of its key components. Further, we estimate the retail price increase required to cover the cost of efficiency improvement, compare it with electricity bill savings, and calculate the payback period for consumers to recover the additional price of a more efficient AC. We assess several efficiency levels, two of which are summarized below. Note: Assuming a least cost strategy to improve efficiency based on the cost of efficient components
The finding that significant efficiency improvement is cost effective from a consumer perspective is robust over a wide range of assumptions. If we assume a 50% higher incremental price compared to our baseline estimate, the payback period for the efficiency level of 3.5 ISEER is 1.1 years. Given the findings of this study, establishing more stringent minimum efficiency performance criteria (one star level) should be evaluated rigorously considering significant benefits to consumers, energy security and environment.
Introduction
Recent studies by the US Department of Energy, the European Ecodesign Initiative and the Superefficient Equipment and Appliance Deployment (SEAD) Initiative have shown significant cost effective potential for improving room air conditioner efficiency (DOE, 2011 , EuP, 2009 . In this paper, we assess the cost and benefit of improving the efficiency of Room ACs using recently collected data in India on the cost of key components of a Room AC with improved efficiency.
Cost-benefit of efficiency improvement for a Room AC from a consumer perspective can be assessed by comparing the additional price of an efficient product with reduced electricity bills. One simple approach to estimate the additional price for efficiency improvement is to compare the prices of baseline efficiency products to efficient products available in the market. However, in several instances, efficient products (for example five star ACs) 3 are sold as premium products with additional features bundled with efficiency and are likely to have higher cost margins. 4 Hence the price difference between a baseline efficiency model (one star or two stars) and a higher efficiency model (five star) could be due to several factors in addition to efficiency and is typically significantly higher than what is required for just improving efficiency. Although statistical approaches can be used to estimate the price increase due to efficiency alone based on prices observed in the market, they face several limitations including the inability to estimate varying profit margins across products. Further, assessment based on retail prices alone cannot provide estimates of costs of improving the efficiency beyond what is currently available on the market in a certain region or a country.
The retail price increase required to cover the cost of efficiency improvement can be based on a bottom up estimate of the incremental cost of efficiency improvement and an estimate of the price based on an estimate of the mark-up seen for baseline models which cover typical wholesale and retail costs. This has been the preferred methodology in the US and EU to assess the impact on consumers of increasing the stringency of the minimum energy performance standard (MEPs) which specify the minimum efficiency requirement for a product to be sold in the market. This approach is used because the current price of an efficient product (e.g., a five star AC) is not a good predictor of its future price if it becomes the baseline product (e.g. a one or two star AC) with a revision of the stringency of MEPs given that baseline products are likely to have lower margins. Studies have shown that the price of efficient products (which are typically sold as premium products) drops when they become the base-line products with the increasing stringency of MEPs (see Spurlock, 2014) . Further, as discussed previously, a bottom up estimate of incremental costs is possible even for efficiency levels that are currently not available in a particular region or country. Next, we summarize this bottom up methodology which we use in this study.
Summary of Methodology
Based on the estimates of reduction in AC electricity consumption due to improvement of efficiency of its key components, we analyze the performance of an AC under several configurations of more efficient components (288 unique design combinations, for example of different compressor and heat exchanger designs) 5 . Since our analysis is based on the EU Ecodesign preparatory study, the AC performance is analyzed using energy savings estimates in that study. From these we estimate AC performance in the Indian SEER (ISEER metric) by developing a relationship using performance data between the ISEER and EER for fixed speed ACs and a relationship between the ISEER and the EUSEER for variable speed ACs considering the temperature profile specified by the Bureau of Energy Efficiency (BEE) for the ISEER metric. 6 Based on the cost estimates of more efficient components and the results of the analysis, we estimate the incremental cost of each design combination. We then estimate the lowest cost design configuration to reach a certain level of efficiency to develop a cost curve for efficiency improvement. Note that we use estimates of cost of more efficient components in India that were developed by the Collaborative Labels and Standards Project (CLASP) and Price Waterhouse Coopers (PWC) using market research and interviews with appliance and component manufacturers.
We then estimate the price increase required to cover the cost of efficiency improvement based on estimates of mark-ups to cover wholesale and retail costs, profit margins, and taxes, reported in CLASP, 2015. We estimate the electricity bill savings due to efficiency improvement and compare these with the price increase required for improving efficiency to estimate payback periods, life cycle costs, and net consumer benefits. See Figure 1 below for the summary of this methodology. 5 The permutations and combinations of different design options to improve efficiency shown in Table 1 below with each other leads to 288 unique designs of different compressors, heat exchangers, expansion devices and fixed or variable speed drives. 6 While the EU energy savings estimates are evaluated at the ISO 5151 T2 conditions and the ISEER is evaluated at ISO 5151 T1 test conditions, we assume that the energy performance of both the baseline and more efficient ACs shown in Table 1 below is affected similarly at higher temperatures as a first order approximation. Mark-ups to cover wholesale and retail costs, taxes, and profit margins 
Methodology Validation
We provide an explanation of why a certain design combination leads to a particular level of efficiency improvement and also provide an estimate based on a simple and transparent engineering analysis. Further, we show that the efficiency levels analyzed are widely commercially available in the global market by identifying models which reach those efficiency levels. We also provide an initial validation of our price prediction for higher efficiency models by observing prices of such models in the global market.
Detailed Methodology Incremental Costs of Efficiency Improvement
We use a methodology similar to those used in the US and EU Minimum Energy Performance Standards (MEPS) rulemaking process to the estimate the incremental cost of efficiency improvement based on the incremental cost of key components used in higher efficiency ACs. We use estimates of energy savings for the AC as a whole from using more efficient components that were assessed by the EU Ecodesign preparatory study. Table 1 summarizes the key efficiency improvement options using efficient components and corresponding energy savings estimates based on the EU Ecodesign study. Appendix C discusses these energy efficiency options in more detail. The cost estimates of the efficiency improvement for the components considered in this study were recently collected by CLASP and PWC through interviews with AC and component manufacturers in India (CLASP, 2015). Table 1 shows that improving the efficiency of a compressor from 2.8 EER to 3.2 EER will reduce the AC electricity consumption by about 10%. This is because such improvement in the efficiency of the compressor will reduce the electricity consumption of the compressor by about 13%. We assume that the compressor consumes about 60-80% of the energy consumed by the AC varying by load and operating conditions, it will lead to overall electricity consumption reduction of approximately 10%. Several combinations of efficient components can be used to reduce the consumption of an AC and reach a certain efficiency level. We draw upon the simulations of AC performance with different design combinations of efficient components conducted in the EU Ecodesign study. Note that the EU Ecodesign study verified the simulated performance using actual performance data on efficient ACs. Since that study reported AC performance in EU SEER metric, we discuss how we adjusted these estimates for our analysis to report AC performance in the ISEER metric by taking into account the temperature profile specified by BEE for the ISEER metric.
Estimating AC Performance in the ISEER Metric
Most countries in the world, including India and the EU use the International Organization for Standardization (ISO) standard 5151 test procedure for testing the performance of room ACs.
Until 2014, the standards and labeling program in India only covered fixed speed ACs and the prevalent metric to measure Room AC performance was the Energy Efficiency Ratio (EER). In 2013, the ISO issued the ISO standard 16358 procedure for calculating the seasonal performance metric for both fixedspeed and inverter ACs using a weighted average based on a standard temperature bin distribution, of AC performance using ISO 5151 test data. For cooling only operation, this metric is known as the cooling season performance factor (CSPF).
In 2015, BEE has adopted the ISO 16358 standard but modified the temperature bin distribution to account for the hotter weather in Based on the data in Table 1 , using a 3.4 EER compressor instead of 2.8 EER compressor reduces the electricity consumption of the baseline room AC by 15%. The estimate of 15% energy savings are verified with actual performance measurements conducted as part of the EU Ecodesign study. Improving the EER of a compressor from 2.8 to 3.4 will reduce the compressor electricity consumption by roughly 21% (3.4/2.8-1) and given that compressor accounts for about 70% of the electricity consumed by the AC, it reduces the energy consumption of the AC by about 15%. Using heat exchangers with UA value 20% higher than the baseline model increase energy savings by about 7.5% of a baseline AC model. The engineering simulations shown in the EU Ecodesign Study show that by using these two options, the consumption of the baseline AC can be reduced by 20%. If improving the efficiency of the compressor and using an electronic expansion valve reduces the AC energy consumption by 15% and 7.5% respectively, simultaneously implementing these options will reduce the AC energy consumption by roughly [1-(1-0.15)*(1-0.075)] = 0.21, i.e., just over 21%. This is because reduction due to a second option applies to the already reduced energy consumption from the first option and hence the total energy savings are less than a simple addition of savings from the two options. Incremental cost of improving the ISEER from 2.8 to 3.5 is Rs. 2045 (Rs. 575 for the efficient compressor + Rs. 1470 for the efficient heat exchangers)
Price Increase Required to Cover the Cost of Efficiency Improvement
The price increase required to cover the cost of efficiency improvement is estimated as:
Price increase required = incremental cost of efficiency improvement*mark-up for a baseline product Mark-up is estimated based on estimates of manufacturing costs and the retail prices observed in the market. Based on the PWC-CLASP 2015 report, manufacturing cost of a baseline 1.5 Ton Room AC is about Rs. 14500 and the retail prices of baseline (1-2 star) models is about Rs. 34,800. 8 Hence the total mark-up for base line products in the market is about 140% which means that cost increase of Rs. 1000 to improve efficiency will require a price increase of approximately Rs. 2400 to cover items such as profit margins, wholesale, and retail costs. Across many markets the markup for baseline models is found to stay the same even after the revision of MEPS (Spurlock, 2013) i.e. in the Indian context, even if the star labels are revised the markup for one and two star products (entry-level) is expected to remain the same. Figure 2 shows a sensitivity analysis of the retail prices for 50% higher and lower costs.
The mark-up for a 5 star high efficiency models on the market may be higher due to other non-efficiency related features and also because these products are marketed as "premium" products implying other pricing and brand positioning strategies. The markup on premium products is between 200-240% based on data collected by CLASP. 
Alternative Strategies to Reach ISEER of 3.5 and Estimates of the Price Increase
Incremental cost of improving the ISEER from 2.8 to 3.5 is about Rs. 2045 (Rs. 575 for the efficient compressor + Rs. 1470 for efficient heat exchangers) and will require a retail price increase of Rs. 4900 (based on a 140% mark-up) to cover the incremental cost of efficiency improvement.
In arriving at an estimate of the incremental cost of efficiency improvement as discussed above, we estimated the least cost approach to improving efficiency based on the cost data collected by PWC and CLASP. However, various manufacturers may have other approaches to arrive at the same level of efficiency. In Table 2 below, we outline various ways to achieve the ISEER level of about 3.5 (W/W) and estimate additional manufacturing costs, retail prices (assuming 140% markup), annual bill savings, and payback periods. Annual bill savings are estimated assuming 1600 hours of operation per year (based on hours of use specified by the Bureau of Indian Standards) and an electricity tariff of Rs. 7/kWh which is typical tariff for residential consumers in higher consumption slabs given that use of AC corresponds to being in a higher consumption slab. Note that we test the sensitivity of our findings to alternative assumptions of hours of use and electricity tariffs. 9 ISEER levels calculated are shown for an India-specific temperature distribution being considered by India's Bureau of Energy Efficiency (BEE) that considers temperatures from 24 deg. C to 43 deg. C and considering 1600 hours of use annually. 
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Least Cost Curve for Improving Efficiency
Based on the data on costs of and savings due to efficient AC components (shown in Table 1 ), we estimated efficiency improvements and incremental costs of all possible design combinations (288) of efficient components (e.g. more efficient heat exchangers, compressors, variable speed drives, and expansion valves) to estimate the lowest cost of improving efficiency of a Room AC at various levels of efficiency improvement.
This cost versus efficiency curve (see Figure 2 ) approximates the decisions undertaken by manufacturers in designing higher efficiency air conditioners. As seen in Figure 2 , if least cost strategies are implemented, an energy efficiency improvement of approximately 20% (to an ISEER of 3.5 W/W) can be achieved at a relatively modest incremental retail price of about 15% and a more substantial increase in energy efficiency of approximately 30% (to an ISEER of 4 W/W) can be achieved at an incremental price of Rs 9360 (~27%).
Figure 2 also shows retail prices where the incremental cost of the components is 50% higher and 50% lower than our baseline estimates. Studies have shown that the actual incremental costs and prices are typically significantly lower than those estimated by bottom up analysis because such analyses do not taken into account future price reduction in efficient technology due to learning or economies of scale (see Dale et al., 2013 and Taylor et al, 2015) . We show the effect of such a scenario by showing retail prices assuming 50% lower incremental manufacturing costs for efficient components. We also model a scenario where incremental manufacturing costs are 50% higher to test the robustness of finding if costs are higher than what we have estimated.
We have also shown actual retail prices of split room AC models in India and Korea to provide an initial validation of our price predictions. For India, we have shown prices of 1.5 Ton models only.
Note that while improving the efficiency of Room ACs, manufacturers may consider criteria other than cost and hence the strategies arrived with a least cost criteria may not always mimic the design decisions of the manufacturers. Our cost-benefit analysis, which considers a least cost for efficiency improvement strategy, suggests adoption of inverters only beyond ISEER of 4.5.
Engineering based techno-economic analysis including this analysis typically show that improving efficiency adds to costs which leads to increase in retail prices at a given point in time. However, several studies tracking efficiency and price trends over time have shown that efficiency of appliances and their components improves over time while the prices continue to decline. For example in Japan, between 1995 and 2008, efficiency improved by 180% while prices dropped by over 50 % in real terms (See Appendix B for details). While, several factors such as economies of scale, and changes in mark-ups have been identified as potential drivers for this overall trend, the primary driver is likely technological learning. Hence the revision of the stringency of the minimum energy performance standard (one star level) may not result in increase in prices in real terms compared to the levels before the revision. For example, a more stringent standard could speed up technological change or increase economies of scale in production of the new minimum efficiency level products, thereby reducing the prices of those products further than this bottom-up engineering analysis reflects.
Commercial Availability of Efficient ACs
Given that the current labeling program in India only covers fixed speed ACs, independent information from the Indian market on performance is only available for fixed speed ACs. Currently, Godrej's NXW inverter AC which with an estimated ISEER of 5.2 is one of the most efficient inverter AC on the Indian market and is sold at Rs. 57,500.
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Cost-Benefit of Efficiency Improvement from a Consumer Perspective Figure 2 above shows the estimates of retail price increases required to cover the cost of efficiency improvement which the consumers have to bear. Efficiency improvements also lead to reduced electricity consumption and bills. Table 3 below shows increase in retail prices, consumer bill savings over the lifetime of the ACs, consumer payback period, and the return on consumer investment (due to increased retail price) given the bill savings.
10 see:http://www.godrejappliances.com/GodrejAppliances/product.aspx?id=6&menuid=346&catid=92&p roductid=4153&subcatid=122&subsubcatid=736 Table 3 shows that modest price increase required to cover the cost of efficiency results in significant bill savings leading to a short payback period. These results indicate that increasing stringency of MEPs is likely to lead to large consumer benefits.
Based on the incremental costs in Table 1 , and as discussed in the example above, Figure 3 shows the simple payback period (in years) corresponding to various energy efficiency levels. Dotted lines show payback periods if the costs were assumed to be 50% higher and 50% lower at each efficiency level. Simple payback period is calculated by dividing the incremental cost of an efficient AC by the corresponding annual electricity cost savings. 
50% higher costs 50% lower costs
If one considers a three year payback as a criterion for consumer cost effectiveness, efficiency improvement of ISEER from 2.8 to over 5.2 ISEER is cost effective depending on the assumptions about costs.
Consumer benefits and payback period depends on their electricity tariff. Table 4 shows alternative assumptions tested and the corresponding payback period ranges for 3.5 ISEER and 4.0 ISEER for a range of electricity tariffs. Consumer benefits will be lowest in the scenario where electricity price and hours of use are lower and incremental price is higher. Even in such a scenario, the payback period for improving the ISEER to 3.5 is less than three years indicating significant net consumer benefits even under such an unlikely worst case scenario from a consumer benefits perspective.
Conclusions
If a least cost strategy is followed, significant efficiency improvement can be achieved at a modest incremental cost which requires a modest increase in retail price. This price increase will be paid back relatively quickly through electricity bill savings.
 ISEER improvement by 20% to 3.5(W/W) will require a retail price increase of Rs. 4900 (~15% increase over baseline) to cover the cost of efficiency improvement.  ISEER of a Room AC improvement by over 30% to 4(W/W) will require a retail price increase of Rs. 9360 (~27% increase over baseline) to cover the cost of efficiency improvement.  Increasing the stringency of MEPS is one of the key strategies to ensure improvement in the efficiency of the AC models sold in the market and should be evaluated rigorously considering the findings of this study.
11 Please note that higher electricity prices result in lower payback period as the electricity bill savings from efficiency are higher. Hence the 5Rs/kWh electricity price obtains the higher range of payback periods, i.e. 1.0 year for a 3.5 ISEER and 2.1 years for a 4 ISEER efficiency level, while the 10Rs/kWh electricity price results in the lower range of payback periods i.e. 0.5-1.1years for 3.5 and 4 ISEER efficiency levels respectively. The payback periods are presented in ascending order for the ease of the reader. 
